Well-defined copolymer of methyl methacrylate (MMA) and 2-methylacrylic-acid-2-{ethyl-[4-(4-methoxy-phenylazo)-3-methyl-phenyl]-amino}-ethyl ester (MAMP) bearing pendent azobenzene groups, was synthesized via reversible addition-fragmentation chain transfer polymerization (RAFT). Copolymers with different contents of azobenzene moieties, e. g. from 12 mol % to 100 mol %, were obtained by varying the feed molar ratios of MAMP and MMA. The reactivity ratios of these two monomers were measured and calculated via the modified KelenTüdos method. Glass transition temperature of the copolymers was measured by differential scanning calorimetry (DSC). Photoinduced trans-cis isomerization of azobenzene moieties in the copolymer was studied at room temperature. Films cast from the functional copolymers were characterized by photo-induced birefringence and surface relief grating (SRG).
Introduction
Polymers containing substituted azobenzene groups have been investigated widely in the past decade because of their unique and unexpected properties [1] [2] [3] [4] [5] . Upon irradiation with polarized light of an appropriate wavelength, azobenzene chromophores undergo a photo-induced reorientation through trans-cis-trans isomerization. The isomerization and anisotropic alignment of azobenzene, which lead to a local modulation of refractive index in the compounds, give rise to the possibility for them to be used as optical recording materials [6, 7] . Furthermore, the surface relief gratings (SRGs) on the surface of the film derived from azobenzene functionalized polymers were observed when the film was exposed to interfering laser beams. The SRGs can be formed directly on the film surface below the glass transition temperature (T g ) of the polymer. The anisotropic alignment, just as the written information, can be permanently frozen when the irradiating laser beam is turned off. It has been confirmed that polymers with high T g showed better long-term stability of written information than those with low T g [8] . Therefore, providing the T g of the azobenzene functionalized polymer is high enough, permanent information storage can be achieved. Many amorphous polymers with high T g , such as poly(methyl methacryalte) (PMMA), were widely used as the support material in such research [9, 10] . Blending PMMA with azopolymers may be a simple method to introduce azobenzene chromophores into PMMA [11] . However, low stability and uniformity of such system had limited its practical application. As an alternative technique, modification of PMMA with different substituted azobenzene groups have been used [12] . Hu et. al. [13] reported the synthesis of PMMA functionalized with 4,4'-diacryloyloxyazobenzene via azobisisobutyronitrile (AIBN) initiated free radical polymerization in toluene. In order to obtain such polymers with well-defined structure, living polymerization techniques have been used. Solaro et al. [14] reported the anionic copolymerization of 4-vinylazaobenzene and styrene using butyl lithium as an initiator. Aoshima et al. [15] reported the synthesis of copolymers with various types of azobenzene pendent groups via living cationic polymerization. They have further studied the photo-responsive behavior of the obtained copolymers. However, the conditions of anionic and cationic polymerization are stringent such as the need for highly purified reagents and low reaction temperature.
Fortunately, the advents and fast developments of living free radical polymerization (LFRP), especially, atom transfer radical polymerization (ATRP) [16] [17] [18] and reversible addition-fragmentation chain transfer (RAFT) [19] [20] [21] [22] polymerization, offered us a convenient way to prepare well-defined polymers containing azobenzene with less stringent experimental conditions. Up to now, ATRP or a combination of ATRP method and other living free radical polymerization technique has been successfully used to synthesize azopolymers with well-defined structures [23] [24] [25] [26] [27] [28] . RAFT technique was sometimes considered to be superior over ATRP for its high degree of compatibility with a wider range of functional monomers [29] . Our group has reported the preparation of well-defined azopolymers via RAFT technique [30] [31] [32] .
In this work, the copolymerization of methyl methacrylate (MMA) and an azobenzene monomer, 2-methyl-acrylic-acid-2-{ethyl-[4-(4-methoxy-phenylazo)-3-methyl-phenyl]-amino}-ethyl ester (MAMP), were performed via RAFT polymerization. MMA was selected as the co-monomer to improve the mechanical properties and solubility of the azopolymer. By varying the feed ratio of MAMP and MMA, a series of copolymers (Scheme 1) with different composition of azobenzene moieties were prepared. The glass transition temperature and optical properties of such functional copolymers were studied.
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Results and discussion
Synthesis and structural characterization
The RAFT copolymerization of MAMP with MMA was carried out in anisole solution at 80 o C using 2-cyanoprop-2-yl dithiobenzoate (CPDB) as the RAFT agent and AIBN as the initiator. The obtained products were repeatedly dissolved in THF followed by precipitation in methanol for three times, and submitted to a final purification from monomeric and oligomeric impurities by exhaustive Soxhlet extraction with methanol followed by acetone. Relevant data for the synthesized copolymers are summarized in Table 1 The number-average molecular weights and polydispersity index (PDI) of the copolymers from RAFT copolymerization were measured by GPC. In Figure 1 , the GPC profiles showed that the molecular weight of copolymers have relatively narrow distributions with PDI from 1.15 to 1.27. However, the result also showed that the GPC trace had a tail within small molecular weight range as high MAMP feed concentration was used, e.g. PMAMP and PMAMP-co-PMMA1. The reason may be assigned to the bulkiness space resistance in MAMP. Thus, side reaction, especially the uncontrollable chain transfer reaction and termination reaction, would be serious in the polymerization as high MAMP feed concentration was used.
Furthermore, the molar content of azoaromatic co-units in the copolymers roughly reflects the feed composition in all the cases, as indicated by the averaged 1 H NMR results listed in Table 1 . An approximate evaluation of the reactivity ratios was performed ( Figure 3 ) by using the modified Kelen-Tüdos [33] method. For the fully soluble samples of PMAMP-co-PMMA, the reactivity ratios were r MAMP = 0.72 and r MMA = 0.18 (r MAMP × r MMA = 0.13), which implies such copolymerization with a character in between ideal and alternating copolymerization. Thus, the composition of these two monomers in copolymer was consistent with the feed ratio, which was in agreement with NMR analysis results shown in Table 1.   17  18  19  20  21  22  23  24  25 Retention time ( Figure 4 shows the DSC traces of the homopolymer of MAMP (PMAMP) and copolymers of MAMP and MMA (PMAMP-co-PMMA) with the same samples given in Table 1 . The glass transitions were clear in all samples. The glass transition temperature (T g ) value were taken in the middle point of the transitions and plotted against the chromophore content. As shown in Figure 5 , the higher azoaromatic content leads to the lowest T g in an almost linear relationship.
Thermal Properties
Photochemical Behaviors
Azobenzene chromophore showed photo-induced cis-trans-cis isomerization behavior under the irradiation of light. The trans-cis photo isomerization of PMAMPco-PMMA in CHCl 3 solutions was studied. The polymer solution samples were irradiated with UV light of 365 nm [34] . The typical UV-vis spectra of the samples with different irradiation time were recorded as shown in Figure 6 . These UV-vis spectra were characteristic for the "aminoazobenzene" type in Rau's classification [35] . Non obvious peak corresponding to n-* transition in trans isomer was found in these spectra [36] . The absorbance of the polymer solution at 342 nm, corresponding to n-* transition in cis isomer, and the intensity of absorption increased with the irradiation time under UV light of 365 nm. At the same time, the peak of -* transition in trans form (412 nm) decreased with the irradiation time, while the remarkable enhancement of -* transition in cis form (548 nm) was observed. This result indicated that the azobenzene chromophore transform from trans isomer to cis isomer with the irradiation of 365 nm UV light. Further investigation of this photoinduced isomerization behavior of the copolymers containing different azobenzene chromophore amount showed similar results. Thus, it can be concluded that chromophore content in copolymers has no obvious effect on the photo isomerization behavior. Furthermore, the photo-induced isomerization behavior of PMAMP-co-PMMA was same as that of PMAMP homopolymer. At the same time, the solubility of PMAMP in common solvent and easy formation of uniform film by the introduction of MMA unit was observed in current investigation. This result indicated that the photoinduced trans-cis isomerization behavior of azobenzene chromorphore in solution state was not affected by the introduction of MMA moiety into the azopolymer, which would be a favourable result in the improvement of azopolymer's property. 
Photo-induced Birefringence
Photo-induced birefringence is the important property for an azopolymer material. Thus, the photo-induced birefringence behavior of PMAMP-co-PMMA with different composition of azobenzene was investigated. Cast films of PMAMP (A, M n(GPC) = 8820 g/mol, PDI = 1.27) , PMAMP-co-PMMA2 (B, M n(GPC) = 16350 g/mol, PDI = 1.26), PMAMP-co-PMMA3 (C, M n(GPC) = 16140 g/mol, PDI = 1.20) and PMAMP-co-PMMA4 (D, M n(GPC) = 17340 g/mol, PDI = 1.15) were prepared with similar thickness. The PMAMP-co-PMMA copolymers, with approximate molecular weights and PDIs but different composition of azobenzene moiety, were selected to investigate the effect of azobenzene moiety content on their photo-induced birefringence behavior. Figure 7 shows the photo-induced birefringence behavior of these four copolymer films. The results showed that before irradiation, no optical anisotropy was observed in these four polymer films because of the homogeneously random alignment of the azobenzene chromophores. The birefringence was induced immediately under irradiation with a linearly polarized UV laser as the result of alignment of azo chromophores perpendicular to the laser polarization occurred on account of the trans-cis-trans isomerization of azo moieties. The rate of inducing birefringence of these polymer films was similar under the same writing beam power. Thus, the chromophore content did not show obvious effects on birefringence due to the same azobenzene structure of these polymers. However, the stable values of birefringence for these polymers were different, especially in the first cycle shown in Figure 7 . For the PMAMP homopolymer (curve A in Figure 7 ), the birefringence did not achieve its stable value even after 20 s irradiation. In the cases of other copolymers (curves B, C and D in Figure 7) , the lower content of azobenzene chromophore in copolymer showed shorter period to achieve its stable birefringence values. Furthermore, the maximum value of the photoinduced birefringence was varied with same trend with their stabilization time, e.g. 0.021 for PMAMP and 0.015, 0.011, 0.063 for PMAMPco-PMMA2, PMAMP-co-PMMA3, PMAMP-co-PMMMA4, respectively. After turn off the inducing UV laser, the birefringence was lost due to the azo chromophores relaxation. The azobenzene chromophore content in polymers showed similar effect in relaxation behavior as that in birefringence formation. Finally, the birefringence values of these polymer films were stabilized at about 0.017 for PMAMP and 0.011, 0.008, 0.005 for PMAMP-co-PMMA2, PMAMP-co-PMMA3, PMAMP-co-PMMA4, respectively. After that, the cycle between the birefringence induction and relaxation can be repeated in the same manner with the same level of birefringence at the same rate. Thus, it can be concluded that high azobenzene chromophore content in polymers would evidently result in big difference between "on" and "off" value of birefringence in such materials. 
Photo-induced Surface Relief Grating (SRG)
For optical storage properties, creation of local holographic gratings is very important, and it is customary to report the diffraction efficiencies achieved on various materials [37] . The behavior of surface relief grating (SRG) formation of the synthesized azo polymers was characterized by the inscription rates and the saturation levels of SRG formation. The first order diffraction efficiency of the SRGs recorded in situ was used to characterize the surface modification [38] . The results were also compared with the surface deformation obtained from the AFM images. Low power Kr + (40 mW/cm 2 ) was used for the writing experiments in order to avoid the possible side effect caused by high intensity laser irradiation. The laser power was controlled to the same for each experiment.
In order to confirm the effects of the azo chromophore content on the inscription of SRGs on PMAMP-co-PMMA samples, films of these copolymers with chromophore content of 12, 26, 38 and 100 mol% were prepared with similar molecular weights, PDIs and thickness. The growth of the first-order diffraction efficiency signal during the inscription of the SRG is shown in Figure 8 . For the PMAMP (curve A in Figure 8 ) and PMAMP-co-PMMA samples (curve B, C and D in Figure 8 ), the growth of the first-order diffraction efficiency values of the polymers increased with the increase of azobenzene content due to the interactions between azobenzene chromophores. Furthermore, it was found in Figure 8 that higher content of azobenzne chromophore could result in a higher diffraction efficiency. The PMAMP and PMAMP-co-PMMA2 (curve B in Figure 8 ) showed similar diffraction efficiency at about 0.74. Decreasing the content of azobenzene chromophore would decrease the diffraction efficiency, e.g. the diffraction efficiency of PMAMP-co-PMMA3 (curve C in Figure 8 ) was 0.68 and the PMAMP-co-PMMA4 (curve D in Figure 8 ) had lowest value.
The formation of the SRG was also validated by AFM images. Figure 9 shows AFM image of the sinusoidal surface relief structures with regular spaces formed on the PMAMP-co-PMMA film (chromophore content = 38 mol%). The grating depths, obtained through AFM measurment, were 150 nm for the samples with 38 mol%. The typical AFM image of the SRG with a grating periodicity around 1.0 µm was observed in this polymer film. 
Conclusions
Copolymers of MMA and MAMP with pendent azobenzene moieties were synthesized by RAFT polymerization with controlled molecular weights and low polydispersities (PDI = 1.15-1.27). By varying the feed ratios of MAMP and MMA, a serials of copolymer with different contents of azoaromatic moieties (from 12-100 mol%) were obtained. The reactivity ratios of MMA and MAMP were measured by the modified Kelen-Tüdos method, e.g. r MAMP = 0.72 and r MMA = 0.18. The glass transition temperature of the samples decreased with increasing azoaromatic moieties followed with a linear relationship. High contents of azobenzene chromophores in copolymers could evidently result in big difference between "on" and "off" value of birefringence, as well as high diffraction efficiency. The surface relief grating could be inscribed in the casting film of copolymer.
Experimental part
Materials
Methyl methacrylate (MMA, 99%) was washed with a 5% sodium hydroxide aqueous solution and then with deionized water until neutralization, after being dried with anhydrous magnesium sulfate overnight, distillated over CaH 2 under vacuum and stored at -18 o C. 2,2'-Azobisisobutyronitrile (AIBN, 97%) was recrystallized from ethanol twice, dried at room temperature in vacuum, and stored at -18 o C. Anisole (analytical reagent) and chloroform (analytical reagent) were used after distillation. 2-Cyanoprop-2-yl dithiobenzoate (CPDB, Scheme 2) was synthesized according to the literature [39] . 2-Methyl-acrylic-acid-2-{ethyl-[4-(4-methoxy-phenylazo)-3-methylphenyl]-amino}-ethyl ester (MAMP, Schme 2) was synthesized as described in a previous report [40] . Other materials were purchased from Shanghai Chemical Reagent Co. Ltd. China and purified according to the standard method.
Preparation of PMAMP and random copolymers (PMAMP-co-PMMA)
The following procedure was typical: a master batch of CPDB (2.7 mg, 0.012 mmol) and AIBN (0.33 mg, 0.002 mmol) was dissolved in anisole (10 mL) and aliquots of 1 mL were placed in 5 mL ampoules with MAMP (381.5 mg, 1.00 mmol) and MMA (0.11 mL, 1.00 mmol) (no MMA added in the case of PMAMP preparation). The contents were purged with argon for approximately 20 min to eliminate the oxygen. Then, the ampoules were flame-sealed and placed in an oil bath held by a thermostat at 80 o C to polymerize. After predetermined time, each ampoule was quenched in ice water and opened. The reaction mixture was diluted with 2 mL THF and precipitated into 200 mL methanol. The polymers were dried in vacuum at room temperature to constant weight. The conversion was determined by gravimetry. A series of copolymers containing different azoaromatic moieties (Table 1) were prepared using similar procedures.
Preparation of polymeric film
Azo polymer samples were dissolved in chloroform with concentration of 0.04 g/mL . The obtained azo copolymer solutions were filtered by mesh filter with 0.2 µm pores. Films of 410 -430 nm were prepared on glass substrates by spin coating at 2000 rpm. The films were dried in a vacuum for 24 h to obtain the amorphous film with good optical quality and were stored in a desiccators for further study.
Characterization
1
H NMR spectra was obtained on an Inova 400 MHz spectrometer using CDCl 3 as a solvent. Gel permeation chromatography (GPC) analysis was carried out on waters 1515 chromatography equipped with a refractive index detector, THF as an eluent and calibrated with poly(methyl methacrylate) (PMMA) standard samples. Differential scanning calorimetry (DSC) measurement was carried out on a Perkin-Elmer DSC-2C instrument under nitrogen atmosphere (heating and cooling rates: 10 K/min with N 2 flow rate of 10 mL/min). The UV-vis absorption spectra of the polymers in chloroform solutions were determined on a Shimadzu-RF540 spectrophotometer. Film thickness was measured on Ambios-step XP-2 profiler. The birefringence measurement was produced with a pump Kr + laser beam (441.6nm, 40 W/cm 2 ) polarized at 45° with respect to the probe beam polarization. The experimental setup is shown in Figure 10 . The sample was placed between two crossed polarizer's. The transmitted probe beam (650 nm diode laser) was detected by a photoelectric cell and connected through an amplifier to a computer. The photoinduced birefringence values of the films were obtained from transmitted intensity measurements. The other experimental setup for surface relief gratings (SRGs) fabrication was similar to that reported in the literature [5] . A linearly polarized Kr + laser beam (441.6 nm, 40 W/cm 2 ) was used as the light source. SRGs were optically inscribed on the polymer films with p-polarized interfering laser beams. The surface morphology of the gratings was determined by atomic force microscopy (AFM) (NT-MDT SOLVER P47-PRO). The diffraction efficiency of the gratings was monitored by measuring the first-order diffracted beam intensity of an unpolarized low power diode laser beam (650 nm) in transmission mode.
